Comparative transcriptome analysis is the comparison of expression patterns between homologous genes 29 in different species. Since most molecular mechanistic studies in plants have been performed in model 30 species including Arabidopsis and rice, comparative transcriptome analysis is particularly important for 31 functional annotation of genes in other plant species. Many biological processes, such as embryo 32 development, are highly conserved between different plant species. The challenge is to establish one-to-33 one mapping of the developmental stages between two species. In this protocol, we solve this problem by 34 converting the gene expression patterns into a co-expression network and then apply network module-35 finding algorithms to the cross-species co-expression network. We describe how to perform such analysis 36 using bash scripts for preliminary data processing and R programming language, which implemented 37 simulated annealing method for module finding. We also provide instructions on how to visualize the 38 resulting co-expression networks across species. 39 40 Keywords 41 Comparative transcriptome analysis, Network, Sequence homology, Arabidopsis, Soybean, Emybro 42 development 43 44 65 seed embryo expression data from Arabidopsis [22] with data from the same tissue in soybean [23] as a 66 demonstration of how to apply computational tools to comparative transcriptome analysis. 67 68 In contrast with the time course data examined here, many other datasets have been reported from 69 "treatment-control" experiments (one time point only, two treatment conditions). For example, soybean 70 roots were treated with drought stress in one experiment [4]. To address the question of functional 71 conservation versus functional divergence within gene families, these soybean root data can be compared 72 with transcriptome data from Arabidopsis roots, under a similar stress [24]. This is a relatively simple 73 problem, because, in both experiments, we can identify lists of differentially expressed genes in response 74
INTRODUCTION

45
Expression analysis is commonly used to understand the tissue or stress specificity of genes in 46 large gene families [1] [2] [3] [4] [5] . The goal of comparative transcriptome analysis is to identify conserved coexpressed genes in two or more species [3, 6, 7] . The traditional definition of orthologous genes is based 48 solely on sequence homology [8] [9] [10] [11] and syntenic relationships [2, [12] [13] [14] and not on gene expression 49 patterns. In contrast, comparative transcriptome analysis combines a comparison of gene sequences with a 50 comparison of expression patterns between homologous genes in different species. Homologous genes 51 have been reported to be expressed either at different developmental stages, in different tissue types, 3 and/or under different stress conditions [3, [15] [16] [17] . This documented divergence of expression patterns 53 provides crucial evidence for the existence of functional divergence of homologous genes across species 54 [18, 19] . Therefore, comparative transcriptome analysis is an important tool for distinguishing those genes 55 that have retained functional conservation from those that have undergone functional divergence.
56
Comparative transcriptome analysis is particularly important for plant research, since most molecular 57 mechanistic studies in plants have been performed in model species, primarily Arabidopsis [20] . The 58 consequence of this narrow focus is that the functional annotation of the genes of many other plant 59 species relies solely on sequence comparisons with Arabidopsis [21] .
61
To compare transcriptomes between any two species, a first step is to establish homologous 62 relationships between proteins in the two species. A second step is to identify expression data obtained 63 from experiments that are performed under similar conditions or tissue types. The third step is to compare 64 the expression patterns between the two data sets. In this protocol, we will compare published time course 7 Install NCBI BLAST for identification of homologous genes. BLAST is a sequence similarity search 156 tool [35] . The latest version of NCBI BLAST can be downloaded from the NCBI ftp site using the 157 following link: ftp://ftp.ncbi.nlm.nih.gov/blast/executables/LATEST/. This folder contains precompiled 158 executable files and installation files for Windows, Mac OSX, and Linux platforms. Because finding 159 orthologous genes at a genome scale is computationally intensive, it is recommended to use a Linux 160 workstation or computing cluster to perform the BLAST analysis.
162
For Linux users, the current pre-compiled executable is ncbi-blast-2.6.0+-x64-linux.tar.gz.
163
For Mac users, the current installation file is ncbi-blast-2.6.0+.dmg.
164
For Windows users, the current installation file is ncbi-blast-2.6.0+-win64.exe. Install tools for RNA-Seq data analysis. We will install the STAR [36] and featureCounts [37] software 183 tools. STAR is a read mapper, and featureCounts can count the number of reads mapped to each gene in 184 the genome. Both software tools were used here due to their speed and accuracy [38, 39] . Other alternative 185 mappers can be used, and there are excellent review papers [39] [40] [41] Sample scripts for download are provided in "Section2.4_download_data.sh". All protein-coding 233 sequences and genomic sequences for Arabidopsis can be downloaded from the Araport web site 234 (www.araport.org). Araport is a data portal for Arabidopsis genomic research that hosts the latest 235 genomic sequences and genome annotations for this model organism [43] . The web site requires free 236 registration to access the download link to the protein sequences and genome annotation files. As of July 237 2017, the current version of the protein sequences file is "Araport11_genes.201606.pep.fasta.gz". This 238 name will likely be different for future versions of the protein sequences. We recommend that users 239 download the latest version of the protein sequences, and record the actual download date and version of 240 the sequence files for the purpose of reproducibility. The latest version of the genome sequence of 241 Arabidopsis is "TAIR10_Chr.all.fasta.gz". This file is unlikely to change because the genome assembly of 242 Arabidopsis is likely to remain the same in the future. 
248
This web site also requires free registration before data downloading. The latest version of soybean 249 protein sequences is version 2.0 (downloaded in July 2017). The protein sequences and genomic 250 sequences are "Gmax_275_Wm82.a2.v1.protein.fa.gz" and "Gmax_275_v2.0.fa.gz". These names are 251 likely to change with future versions of the genome and proteome annotation. The latest version of the 252 gene annotation file is "Gmax_275_Wm82.a2.v1.gene_exons.gff3.gz".
254
These files are in compressed fasta format and require de-compression before use. Under the Linux 255 command line, the following command can be used to de-compress these "*.gz". 
264
the Arabidopsis samples, RNA-Seq data were collected in triplicates at seven time points (7, 8, 10, 12, 13, 265 15, and 17 days after pollination). For the soybean samples, RNA-Seq data were collected in triplicates at 266 ten time points (5, 10, 15, 20, 25, 30, 35, 40, 45, and 55 We suggest that the reader download the data into the raw data folder for further processing. Depending on the size of sequencing data and network speed, this step may take a few hours. We provide 284 a test file "PRJNAtest.txt" for the user to test the execution time for downloading one file. The time for 285 downloading the entire data set can be estimated based on downloading this single file. We also provide 286 the FPKM data for this particular data set so that the users do not need to download the original data to 287 perform the analysis in this protocol. To perform the analysis using provided FPKM file, the user can 
292
This protocol provides details of comparative transcriptome analysis between two species. We not only 293 compute sequence similarity between protein coding genes in two species, we also integrate the gene 294 expression patterns of these genes from two different species under similar biological processes. There The option "-evalue" specifies the E value threshold. "-outfmt" is set to be 6, which is tab delimited 333 format. "-db" is set to be the BLAST database built in step 3. "-query" uses the merged protein fasta files 334 as input. The results of BLAST analysis are written in a file named ATHGMAX.pep.blastout.
336
The output includes the following 12 tab-separated columns "qseqid sseqid pident length mismatch 337 gapopen qstart qend sstart send evalue bitscore". The meaning of these columns can be found using 338 the BLAST help manual. The columns that will be used in downstream analysis are qseqid (query 339 sequence id), sseqid (subject sequence id), and evalue (E value). We will filter BLAST results and only Reciprocal best BLAST hit (RBH) and its variants are commonly used methods to identify homologous 345 genes in two species [45] [46] [47] [48] [49] . To identify RBH genes between any two species, the BLAST results from 346 protein sequence alignment were first parsed to identify the best BLAST hit for each soybean protein in 347 the Arabidopsis protein lists. For each soybean protein, there is at most one best BLAST hit protein in the 348 Arabidopsis proteome. For each of the Arabidopsis proteins identified in the first step, the best BLAST 349 hit of each protein in the soybean proteome is also identified. If this best hit is also the original 350 homologous gene found in the first step, this pair of proteins is defined to constitute an RBH pair.
352
For genes with multiple isoforms and potentially multiple protein sequences, we performed the BLAST 353 analysis at the isoform level and then collapsed all the isoforms for each gene to find the best match. In 354 fact, a large fraction of the isoforms in both Arabidopsis and soybean do not change their protein coding 355 sequences, the difference being found in the UTR regions of the transcripts being compared. This is 356 consistent with published results in Arabidopsis and soybean [50, 51] 
371
Gene expression quantification includes three main steps: 1) read mapping; 2) read counting and 3) 372 FPKM calculation. For this analysis, we follow a published protocol for expression processing [50].
374
Step 1. Create genome index by STAR.
375
RNA-Seq reads have to be mapped to the respective reference genomes. To use STAR to map reads to the 376 reference genome, the user needs to build a genome index using the following commands. Step 2. Read mapping by STAR.
398
After creating genome indexes, the user needs to use STAR to map reads from each sample to the 399 reference genome to generate a read mapping file using the following commands. Step 5. Co-expression Networks from gene expression profiles 473 Expression data will be summarized and converted to gene co-expression networks. The input data 474 include data matrices with averaged and normalized FPKM values. In this protocol, we use genes in 475 metabolic pathways that are essential to seed development. Other methods can be used to filter genes 476 before the analysis, for example, only keep genes with high variations across conditions. Finally, gene co-477 expression matrices were calculated for each species. We use the cut-off with p value < 0.001 and 
540
We used module 8 from the previous step as an example. There are three input files: 1) soybean co-541 expression network edge list for genes in module 8, 2) Arabidopsis co-expression network edge list for genes in module 8, and 3) RBH list for genes in module 8. To generate these files for Cytoscape 543 visualization, the user can use the following command. Step 1. To Import three files on Network Browser, we can first start from the Cytoscape menu bar "File" > 551 "import" > "Network" > "File". After you select one of three input files, the popup window with "Import 552 Network From Table" title 
558
Finally, you can see two column names, "Column1" and "Column2" with different icons of attributes, 559 and the remaining parts of the preview are gene names. You can repeat these steps for each of the input 560 flies.
562
Step 2. With three imported networks, we can integrate data sets of co-expression networks with 563 homologous relations using the Union function. To do that, select three network on the network tab on the 564 control panel (click one network and click the other two networks while pressing Command), and move 565 to Cytoscape"s menu bar "Tools" > "Merge" > "Networks".
In the popup window for "Advanced Network Merge", we should choose the "Union" button, select three 568 networks from "Available Networks", and then click the right-facing arrow acting for "Add Selected".
569
After that you can find that three networks are now on "Networks to Merge", and you can click "Merge" 570 button to merge three networks.
572
The name of the merged network will appear with the total number of merged nodes and edges on the 573 Network tab on the control, and usually it is automatically visualized on the Cytoscape canvas.
575
Step 3. To express properties of networks (species information, source of edges such as co-expression 576 networks or homologous relations), we can customize visual attributes of the merged network. To do that, 577 on the Select tab on the control panel, we can click the "+" icon below the "Default filter" and choose 578 "Column Filter" to add the new condition. From the "Choose column" drop-down list, you can select 579 "Node: name" or "Edge: name" and type a prefix of each species ("AT" for Arabidopsis genes, or 580 "Glyma" for soybean genes). This filter applies to visualization of the merged automatically, so you can 581 see highlighted nodes on the Cytoscape canvas.
583
There are several ways to change visualization properties of the selected components. First, we can set 584 "Bypass Style" for the selected nodes or edges such as "Fill Color" and "Size" for properties of nodes, or 585 "Stroke Color" and "Line Type" for properties of edges. To do this, move your mouse pointer on one of 586 the highlighted nodes, right-click, and then select "Edit" > "Bypass Style" > "Set Bypass to Selected 587 Nodes" on the popup menu. The control panel on the left side will be automatically changed to the "Style" 588 tab, and you can see three subtabs: "Node", "Edge", and "Network" on the bottom of the interface.
589
Second, we can apply different Layouts with these selected nodes or all nodes from Cytoscape menu bar
As an example of the network with module 8, nodes and edges from soybean and Arabidopsis genes were 593 switched to green and orange colors respectively. To highlight genes of interest, we used thicker double 594 lines for edges and blue color for nodes. We separated genes into four groups according to their input files 595 and species (Arabidopsis genes from RBH results or not, and soybean genes from RBH results or not), 596 and layout each of them with Degree Sorted Circle Layout (Figure 3 ). 597 598
Visualization of OrthoClust results as expression profiles.
599
We also provide scripts to directly visualize gene expression patterns for orthologous co-expression 600 modules (Figure 4) . This figure is generated by the script "Section3 4.3 For each of these steps, multiple bioinformatics tools are available. This protocol will provide a basic 620 workflow for each of the steps and the reader can substitute individual steps with other tools. For example, 621 in searching for homologous genes, several other alternative tools such as OMA or OrthoFinder [10, 11] 622 can be used instead of BLAST. A comprehensive comparison of these tools is out of the scope of this 623 chapter. Some databases or tools provide pre-computed homologous genes [8, 12] . Additional steps must 624 be performed to ensure that the gene ids from OMA, OrthoFinder, or PLAZA match the gene ids used in 625 the expression analysis. 626 627 4.4 Many genes in both species were not included in the RBH gene lists. This is because the criterion for 628 identifying RBH genes is highly stringent, as it requires that both genes in two species be the best BLAST 629 hit in their respective species. This can be relaxed to identify k-best-hits in two species [6] . We have 630 developed a script that can generate k-best-hits using BLAST results between any two species 631 (OrthologousGenes_OneWayTopNBestHit.py). 632 633 4.5 Effect of different parameters in OrthoClust analysis. We analyzed how different parameters affect the 634 results of this analysis. We focus on two major parameters (Figure 5) The number of modules 0.95 0.975 0.99
